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ABSTRACT
The infrared spectrograph GNIRS on Gemini South unlocks new possibilities to study the central black holes
in dusty galaxies that have been inaccessible to previous black hole studies. We exploit good near-infrared
seeing to measure the central black hole (BH) of Centaurus A (NGC 5128). We measure the stellar kinematics
of NGC 5128 using the region around the CO bandheads at 2.3 µm and determine the black hole mass using
orbit-based models. Black holes are believed to be essential components of galaxies, and their evolutionary
states appear to be closely linked to those of their hosts. Our current knowledge does not go much beyond
this; galaxies such as NGC 5128 (an AGN and recent merger) can further develop this knowledge. However,
NGC 5128 and galaxies like it contain large amounts of dust which hamper optical spectroscopy, making near-
infrared measurements an attractive alternative. We find a BH mass of 2.4+0.3
−0.2×108 M⊙ for an edge-on model,
1.8+0.4
−0.4×108 M⊙ for a model with inclination of 45◦, and 1.5+0.3−0.2×108 M⊙ for a model with inclination of 20◦.
We adopt the value for the edge-on model, which has significantly lower χ2. These estimates are consistent
with a previous gas dynamical estimate and are five to ten times higher than that predicted by the correlation
between BH mass and velocity dispersion. If NGC 5128 will eventually follow the trend for quiescent galaxies,
this result suggests that its BH assembled first before its host component. NGC 5128 thus provides an important
example for our knowledge of central black holes; this technique can be applied to other such galaxies to further
explore this question.
Subject headings: galaxies: active — galaxies: individual (NGC 5128) — galaxies: kinematics and dynamics
1. INTRODUCTION
NGC 5128 (Centaurus A) is an important object for our
understanding of central black holes, galaxy mergers, AGN
activity, and the relationships among these components of
galaxy evolution. However, the very characterstics which
make this galaxy so interesting have also been serious road-
blocks to more detailed knowledge. NGC 5128 contains large
amounts of dust which hamper optical spectroscopy, espe-
cially in the central regions which are so critical for accurately
measuring the black hole (BH) mass. We measure the stel-
lar kinematics of NGC 5128 using new data from the Gemini
Near Infrared Spectrograph (GNIRS) at Gemini South; we
utilize the region around the CO bandheads at 2.3 µm. This
observational treatment opens up a new avenue for black hole
research as it allows us to probe the most interesting galaxies;
NGC 5128 is the prime example.
NGC 5128 is our nearest neighbor galaxy harboring a pow-
erful central AGN. It is a massive elliptical galaxy which
hosts a strong, variable X-ray/radio source and a massive,
complex disk composed of dust, gas, and young stars. The
unusual morphology of NGC 5128 was first ascribed to a
significant and recent merger event by Baade & Minkowski
(1954). This merger hypothesis is well-supported by the ex-
istence of optical and HI shells at large radii and the polar
orientation of the disk of dust and gas along the photomet-
ric minor axis of the galaxy (Malin, Quinn, & Graham 1983;
Quillen, Graham, & Frogel 1993; Israel 1998). The recent
merger activity and central AGN are likely associated with
each other, and make NGC 5128 an interesting case for BH
studies. Its notable proximity makes it an attractive target, as
spatial resolution on the sky translates to small linear scales
in the galaxy itself.
The correlation (Gebhardt et al. 2000a,b;
Ferrarese & Merritt 2000) in bulge galaxies between
central black hole mass (a local property) and velocity
dispersion (a global property) sheds light on the formation
and evolutionary histories of both the black hole and its host.
Many theories (Silk & Rees 1998; Haehnelt & Kauffmann
2000; Ostriker 2000; King 2003) predict such a correlation,
and with the many models that have been presented to date,
none have been excluded. One of the best ways to determine
the underlying physics is to study those galaxies that have
an active nucleus, i.e. have a central BH which is actively
accreting material, such as NGC 5128. If these galaxies lie
in a different regime in correlation studies, we can begin
to understand the governing processes and roles of bulge
and BH growth. Gebhardt et al. (2000b) use reverberation
mapping estimates of the BH masses of AGN galaxies and
2find the same correlation as for quiescent galaxies. NGC
5128 is much closer than any of these galaxies and thus we
can make a more precise measurement of the BH using stellar
kinematics, the technique used for normal local galaxies.
Also, NGC 5128’s recent merger history holds implications
for the BH-σ correlation; we can extend the parameter
space within which we know how galaxies behave in this
correlation.
Although galaxies with active nuclei have been a large mo-
tivation in the search for BHs, it is difficult to make a direct
dynamical mass determination for the BHs which we under-
stand to power these AGNs. The nuclei of many AGN galax-
ies are heavily obscured by dust, and NGC 5128 is no excep-
tion. At optical wavelengths, the central nucleus is nearly in-
visible, veiled by the rich dust lane. Such dust obscuration
hampers kinematic measurements made using optical data;
the central BH of a galaxy like NGC 5128 cannot be mea-
sured using optical data. Moving to the near-infrared allows
us to minimize these problems. Near-IR wavelengths are long
enough to minimize dust extinction. Also, galaxy light in
this spectral regime is dominated by the older, redder stel-
lar population and is less affected by recent star formation.
Kinematics in this spectral regime should be the best mea-
sure of the underlying stellar potential of the galaxy. As in-
frared instrumentation (such as GNIRS on Gemini South used
in this paper) becomes more available and efficient, this re-
gion is becoming an important tool in the study of galaxies
(Silge & Gebhardt 2003).
With such a motivation, Marconi et al. (2001) provide an
estimate of the BH in NGC 5128 using J-band and K-band
gas dynamical measurements. They find a black hole mass
of 2× 108 M⊙. Given a velocity dispersion for NGC 5128 of
∼150 km s−1, we would expect a BH mass around 3×107 M⊙
from the BH-σ correlation. If this BH mass is correct, NGC
5128 has the largest offset ever measured from the BH-σ cor-
relation (currently measured for over forty galaxies). This is
an important point. One issue is the difficulty of interpreting
gas dynamics. Sarzi et al. (2002) has shown that without a
well-ordered gas disk it may be impossible to determine the
enclosed mass from such observations. Marconi et al. (2001)
claim they see no evidence for strong nongravitational mo-
tions, but there are few galaxies with reliable enclosed masses
from both gas and stellar kinematics so it is difficult to know
how to interpret these results.
Thus, NGC 5128 is important because it has recently un-
dergone a merger, it contains a rich gas disk, its apparently
large BH is actively accreting material, and it is on our
doorstep. In this paper, we report the BH mass measured from
near-infrared stellar kinematics and its offset relative to other
galaxies. This data can help us refine our knowledge of how
galaxies grow both their bulge and BH. Section 2 presents the
data, Section 3 describes the dynamical modeling procedure,
Section 4 presents the results for the BH mass for NGC 5128,
and Section 5 discusses the implications of these results.
The distance to NGC 5128 is a matter of some debate.
Israel (1998) compiles and summarizes results from globu-
lar cluster and planetary nebulae counts, globular cluster sur-
face brightness fluctuations, and HST observations of halo red
giant branch stars; he finds good agreement between these
sources with a distance of D = 3.4± 0.15 Mpc. More re-
cently, the I-band surface brightness fluctuation study of the
galaxy itself by Tonry et al. (2001) found D = 4.2± 0.3 Mpc.
Rejkuba (2004) measures the Mira period-luminosity relation
and the luminosity of the tip of the red giant branch to find
D = 3.84±0.35 Mpc. The BH measurement of Marconi et al.
(2001) described above assumes D = 3.5 Mpc; we also use
this assumption. At this distance, 1′′ on the sky corresponds
to 17 pc.
2. DATA
2.1. Surface Brightness Profile
To measure the BH mass, we need both photometric mea-
surements and kinematic measurements with sufficient spatial
resolution and radial extent. We combine HST and 2MASS
imaging of NGC 5128 to satisfy these needs. K-band HST
observations of NGC 5128 were obtained by Schreier et al.
(1998). The nuclear region of NGC 5128 was observed on
11 August 1997 in the F222M filter with an exposure time
of 1280 seconds. Schreier et al. (1998) report the azimuthally
averaged surface brightness out to a radius of ∼ 10′′. Within
0.65′′, the surface brightness profile of NGC 5128 is domi-
nated by emission from a strong unresolved source, the central
AGN. We do not include this light in our dynamical model-
ing because it does not reflect the stellar density distribution.
We extrapolate to radii smaller than 0.65′′ using the HST data
outside this radius. The logarithm of the surface brightness
outside 0.65′′ is nearly linear with r1/4, so we extrapolate this
r1/4 profile inward to our innermost kinematic point. The dy-
namical modeling is not strongly dependent on this extrapo-
lation because the amount of light (and thus enclosed mass)
involved at these small radii is not large and does not have a
significant impact on the gravitational potential.
For photometry at larger radii, we utilize the 2MASS Large
Galaxy Atlas (LGA) (Jarrett et al. 2003). These authors con-
struct large mosaics for each of the 100 largest galaxies as
seen in the near-infrared. Jarrett et al. (2003) join 2MASS
scans and iteratively remove the sky background, resulting in
carefully constructed, well-calibrated images of these galax-
ies. We use the K-band image of NGC 5128, the tenth largest
galaxy in the atlas.
FIG. 1.— Contour map of the 2MASS LGA K-band image of NGC 5128.
Overlaid are the contours of the MGE best-fitting model; this model’s profiles
are shown in Figure 2. The contours are logarithmically spaced but arbitrary.
We use the multi-Gaussian expansion (MGE) method of
3Cappellari (2002) to fit the surface brightness profile to the
2MASS image. The MGE method is a simple parametriza-
tion with an analytic deprojection which is flexible enough
to model realistic multicomponent objects. This method uses
a series expansion of two-dimensional Gaussian functions to
represent galaxy images. Figure 1 shows the result of MGE
fitting for NGC 5128; this figure shows a contour map of
the 2MASS LGA K-band image with the contours of the
best-fitting MGE model superimposed. This model was con-
structed to have constant position angle with radius; allowing
the position angle to vary does not improve the fit. The posi-
tion angle was fixed at 38 degrees east of north. The best-fit
model uses six two-dimensional Gaussian functions to repre-
sent the surface brightness of NGC 5128. The dust lane of
NGC 5128 is visible even in this K-band image, emphasizing
the high level of dust obscuration in this galaxy. The dust lane
does not significantly hamper the MGE fitting or the kine-
matic observations below, however. Figure 2 illustrates this;
the left panels show the comparison between the 2MASS pho-
tometry and the best-fitting MGE model while the right pan-
els show the radial variation of the relative error along the
profiles.
FIG. 2.— Left panels: comparison between the 2MASS LGA K-band pho-
tometry of NGC 5128 (open squares) and the (N=6) Gaussian MGE best-
fitting model (solid line). The individual Gaussian components are also
shown. The angles noted in the upper right hand corner of each panel are
measured relative to the photometric major axis. Right panels: radial varia-
tion of the relative error along the profiles.
The dynamical modeling we use to constrain the BH mass
assumes axisymmetry. Evidence exists that NGC 5128 is
moderately triaxial (Israel 1998) but the photometric data
suggest that it can be well-represented for our purposes as
a spheroid of constant ellipticity. The model with constant
position angle fits the surface brightness well, and figure 3
shows that the ellipticity of the galaxy is small and does not
change drastically. This figure presents the ellipticity of the
MGE best-fitting model as a function of radius; the ellipticity
is never much higher than 0.1. Thus, we can represent NGC
5128 in our modeling as a spheroid with constant projected el-
lipticity of 0.05. Figure 4 presents the final surface brightness
profile along the major axis which we use in our dynamical
modeling. The dashed line is the profile from the MGE best-
fitting model of the 2MASS LGA image and the solid line is
the HST profile of Schreier et al. (1998). The HST data have
been adjusted to match the 2MASS data between 2 and 10′′;
there is good agreement in the shape of the two profiles. The
arrow indicates the radius of transition between domination
by the AGN and domination by the stellar density distribu-
tion; the profile within this radius has been extrapolated from
the HST data outside this radius.
FIG. 3.— K-band ellipticity as a function of radius along the major axis for
NGC 5128.
FIG. 4.— K-band surface brightness for NGC 5128. The dashed line is
from the MGE fitting of the 2MASS LGA image and the solid line is from
the HST data of Schreier et al. (1998). The HST data have been adjusted to
match the 2MASS data between 2 and 10′′. The arrow indicates the radius at
which light from the AGN dominates; the profile within this radius has been
extrapolated from the HST data outside this radius.
4NGC 5128 is so enshrouded in dust that is reasonable to
examine how affected observations are by dust even in the K-
band. Marconi et al. (2000) report HST observations of the
nucleus of NGC 5128 in V , I, and H, and K. They assume
no color gradients between any of these bands and derive the
implied reddening for each band. They report a dereddened
K-band surface brightness profile. The shape of this profile
is very close to the observed profile, showing deviation only
within ∼ 1′′. The dereddened profile is still nearly linear with
r1/4 so we take the same approach and extend the profile in-
ward into the region dominated by the AGN light, then com-
pare the mass implied by the two profiles. Using the M/LK
ratio implied by the velocity dispersion profile described in
Section 2 (and in agreement with the dynamical modeling of
Sections 3 and 4), the enclosed stellar mass at 1′′ is 2× 107
M⊙ for the original profile and 3×107 M⊙ for the dereddened
profile. This difference of 1× 107 M⊙ is a small fraction of
the BH mass we measure, and thus will not have a signifi-
cant effect. We ran a small suite of dynamical models using
the dereddened profile and found that this is indeed the case;
there is no difference in our results. Similarly, this applies
to the extrapolation of the stellar light into the region domi-
nated by emission from the AGN. The difference in implied
enclosed mass for different extrapolations is even smaller than
for the original and dereddened profiles and the results of our
modeling are not dependent on changes in this extrapolation.
2.2. Kinematic Observations
NGC 5128 was observed on 2004 March 8 and June 15 as
part of system verification for the Gemini Near-Infrared Spec-
trograph (GNIRS) on Gemini South, using Gemini program
identification number GS-2004A-SV-8. GNIRS has a 1024 ×
1024 Aladdin III InSb detector array with a spatial scale of
0′′.15 pixel−1. We utilize the long-slit, short-camera mode of
GNIRS which can obtain the spectrum of the K-band atmo-
spheric window (1.9 µm to 2.5 µm) in one exposure. Using
a 32 l/mm grating and 0.3′′ × 99′′ slit, we obtained spectral
resolution of 1600, measured from calibration lamps lines and
night sky lines. With this resolution, we can measure velocity
dispersions down to 80 km s−1, much smaller than the disper-
sion of NGC 5128.
We utilize the K-band CO absorption bandheads from
evolved red stars to measure the stellar kinematics of NGC
5128. The (2-0)12CO absorption bandhead at 2.293 µm is the
first of a series of many bandheads which stretch out redward.
These features are in a dark part of the infrared sky spectrum
and are intrinsically sharp and deep, making this region very
sensitive to stellar motions (Lester & Gaffney 1994). They are
the strongest absorption features in galactic spectra between
1-3 µm; this region is optimal for studying stellar kinematics
because wavelengths are long enough to minimize extinction
from dust but short enough to avoid emission from hot dust
(Gaffney et al. 1995). Silge & Gebhardt (2003) present a de-
tailed calibration of stellar kinematics measured using the first
CO bandhead.
The first observation was made with the slit oriented per-
pendicular to the inner dust ring (along the major axis at large
radii), centered on the bright AGN. The second observation
was made with the slit oriented parallel to the dust lane but
offset from the center by 0.85′′. Individual exposures were
120 seconds; between exposures on the object, sky exposures
of 120 seconds were taken ∼ 200′′ to the southeast. NGC
5128 is very large on the sky and large telescope offsets are
required to obtain good sky subtraction. The total on-source
integration time was 2160 seconds for the slit position perpen-
dicular to the dust lane and 1680 seconds for the slit position
parallel to the dust lane. We measured the seeing from images
of telluric calibration stars and the central unresolved AGN.
The seeing during the first observation was 0′′.45; during the
second it was 0′′.6.
To remove the shape of the telluric absorption spec-
trum from our observations, we observed an A0V star
(HD107422). A dwarfs have nearly featureless spectra in
this region (Wallace & Hinkle 1997); we require a good mea-
sure of telluric absorption because we are interested in the de-
tailed shape of the galaxy spectrum. Silge & Gebhardt (2003)
present more details on this point. The A0V observations
were made by dithering the telescope 10′′ across the slit to
measure the sky at the same slit position in alternating expo-
sures.
Wavelength calibration for both galaxy and star observa-
tions was carried out using the arc lamps of the Facility Cali-
bration Unit for Gemini South. Guiding was provided by the
peripheral wavefront sensor assigned to a star outside the sci-
ence field for the galaxy or telluric standard. During the off-
source sky exposures for the galaxy observations, the guiding
was paused and we relied on the telescope tracking because of
the difficulty presented by the large offset; this sky subtraction
procedure worked well. No attempt is made to flux calibrate
the spectra since we are only concerned with the kinematic
analysis.
2.3. Data Reduction
Data reduction proceeds similarly to that described in
Silge & Gebhardt (2003). We rectify the images in the spec-
tral direction using the arc lamp lines and subtract each sky
exposure from its associated object exposure to remove the
sky background. The subtracted images are then shifted in
the spatial direction so that the center of the galaxy in each
image is aligned; we calculate the biweight (Beers et al. 1990)
of all the processed images to make one image for the galaxy.
The one-dimensional spectra are then extracted from the two-
dimensional image in nearly logarithmically spaced spatial
bins. The stellar spectra are reduced in a similar manner but
extracted in a single aperture. We then remove the telluric ab-
sorption spectrum from the galaxy spectra by dividing by a
“flat” spectrum, obtained from the A0V. We obtain good re-
sults for this spectral flattening compared to our experience
with other instruments and sites.
FIG. 5.— Spectrum for one spatial bin 0.′′45 from the galaxy center. The
left panel shows the spectrum dominated by the AGN emission; the right
panel shows the spectrum after this AGN continuum shape has been removed.
The second observation was taken with the slit offset from
the center of the galaxy but the first observation was well-
5FIG. 6.— Rest-frame spectra for seven example spatial bins (noisy line) and for the template stellar spectrum convolved with the derived LOSVD for that bin
(smooth line). The derived second moment of the LOSVD and its 68% uncertainty is reported for each of these bins. The left panels show data from the axis
perpendicular to the dust disk; the right panels show data from the axis parallel to the dust disk but offset from the center.
centered on the central nucleus. The spectra in the central
spatial bins from this observation are dominated by emission
from the central AGN; the CO bandheads are filled in by this
emission. We worked to recover some of this information by
removing the AGN emission. The equivalent width of the (2-
0)12CO bandhead is largely constant with radius in this galaxy
for regions outside the AGN, so we measure the AGN contri-
bution by its dilution of the equivalent width. After this pro-
cess, we are able to use data within 0′′.3 of the center in the
kinematic fitting. Spectra out to 1′′ exhibit changes in equiv-
alenth width which require removal of AGN light. Figure 5
illustrates the results of this step for one bin 0.′′45 from the
center. The left panel shows the spectrum before removal of
the AGN emission and the right panel shows the spectrum af-
ter this process, ready for its kinematic fitting.
2.4. Extracting the Velocity Distribution
Once we have the spectrum in each spatial bin, we extract
the kinematic information. A galaxy spectrum is the convo-
lution of the line-of-sight velocity distribution (LOSVD) with
an average stellar spectrum; to obtain this internal kinematic
information, we use the fitting technique of Gebhardt et al.
(2000c), deconvolving the spectrum directly in pixel space
using a maximum penalized likelihood estimate to obtain a
nonparametric LOSVD. An initial velocity profile is chosen
and this profile is convolved with a stellar template spectrum.
The residuals to the galaxy spectrum are calculated and the
velocity profile is changed to minimize the residuals and pro-
vide the closest match to the observed galaxy spectrum.
The choice of template star is important for kinematic fit-
ting using the CO bandheads; this feature is sensitive to tem-
plate mismatch (Silge & Gebhardt 2003). Thus, we give the
fitting program a variety of template stellar spectra and si-
multaneously fit for the velocity profile and the stellar tem-
plate weights. As a result, our fitting procedure provides both
the LOSVD and stellar population information. We use the
near-IR stellar spectral atlas of Wallace & Hinkle (1997) as
our templates, choosing eight stars with (2-0)12CO equivalent
widths ranging from less than 5 Å to over 20 Å. These spec-
tra have a somewhat higher spectral resolution than ours, so
before using them as stellar templates we have carefully con-
volved them to our spectral resolution using a Gaussian distri-
bution with σ = 5.37 Å. The best fit almost always gives most
6of the weight to a few of the template stars. Figure 6 shows
the results for some example spatial bins for NGC 5128. The
noisy line is the observed spectrum and the smooth line is the
template stellar spectrum convolved with the derived LOSVD.
Each frame in figure 6 shows the spectrum in one spatial bin
on one side of the galaxy; in the actual fitting we fit both sides
of the galaxy simultaneously with the LOSVD flipped around
the v = 0 axis for the opposite side. For the spatial bins where
we removed the AGN emission, we were not able to use the
same wavelength region for the fitting. The AGN removal
worked best over smaller wavelength regions; in the inner-
most few bins we fit only the first bandhead while in interme-
diate bins we fit the first two. From 1′′ outward, we used the
full region shown in figure 6.
We determine the uncertainties for the LOSVDs using the
Monte Carlo bootstrap approach of Gebhardt et al. (2000c).
The initial fit to the observed galaxy spectrum is used to gen-
erate 100 simulated spectra with noise chosen to match that
of the observed spectrum. These 100 synthetic galaxy spectra
are then deconvolved to determine their LOSVDs in the same
way the original observed spectrum is deconvolved. These
LOSVDs provide a distribution of values for each velocity
bin which allows us to estimate the uncertainty and examine
any bias in the moments of the LOSVD. The median of the
distribution determines any potential bias from the initial fit,
and the spread of the distribution determines the uncertainty.
In order to generate the 68% confidence bands, we choose the
16% to 84% values from the 100 realizations.
Most LOSVD fitting techniques make some assumption
about the shape of the LOSVD, i.e. it is Gaussian or a Gauss-
Hermite polynomial. Our technique obtains a nonparamet-
ric LOSVD; no a priori assumptions about the shape of the
LOSVD are made except that it is nonnegative in all bins and
subject to some smoothness constraint. We are able to ex-
ploit the full LOSVDs in the dynamical modeling below. We
plot the parameterization of the LOSVDs by Gauss-Hermite
moments in figure 7 and present them in table 1. The veloc-
ity dispersion is very close to 135 km s−1 on both axes for
most of the radius range (∼ 2′′ to ∼ 40′′). The luminosity-
weighted σ∗ using an aperture of 60′′ along the slit parallel
to the dust disk is 138±10 km s−1. The axis perpendicular
to the dust lane (which was centered on the galaxy nucleus)
shows a steep rise in both σ and h4 (which indicates a trian-
gular distortion from a Gaussian shape, i.e. strong high ve-
locity wings on the LOSVD) within the central arcsecond.
We detect rotation along both axes, the photometric major
axis and the axis parallel to the dust disk in the center, as
have other authors including Peng, Ford, & Freeman (2004)
and Hui, Ford, Freeman, & Dopita (1995). This is not strictly
consistent with an axisymmetric model, as we discuss later.
These Gemini observations go out to ∼ 40′′, but this
is only about halfway to the half-light radius. Accord-
ing to Jarrett et al. (2003), the K-band half-light radius is
re f f = 82.6′′. Limited spatial extent can significantly re-
duce the precision to which one can measure the BH mass
(Richstone et al. 2004) so we include kinematic data at larger
radii to increase the precision of our measurement. We
use a kinematic study of planetary nebulae in NGC 5128
(Peng, Ford, & Freeman 2004) which extends well into the
galaxy halo. Peng, Ford, & Freeman (2004) report the rota-
tion curve and velocity dispersion along the photometric ma-
jor axis out to 80′, including planetary nebulae within a per-
pendicular distance of ±120′′ to this axis. The largest radii
are not important to us as we are mainly interested in the
gravitational potential at smaller radii; we include their first
three points only, extending our kinematic coverage to 2re f f .
These kinematic data are rotation velocities and velocity dis-
persions, not full LOSVDs. In our dynamical modeling, we
assume Gaussian LOSVDs with first and second moments to
match the planetary nebulae data for these points. The lack
of higher order information at these large radii does not effect
the BH mass measurement. The planetary nebulae data are
shown in figure 7 and presented in table 1.
FIG. 7.— Gauss-Hermite moments of the LOSVDs along the slit perpen-
dicular to the dust disk (filled circles) and along the slit parallel to the dust
disk but offset from the center (open circles). The filled squares are from
Peng, Ford, & Freeman (2004) and are along the same axis as the filled cir-
cles.
3. DYNAMICAL MODELS
The dynamical models are constructed as in Gebhardt et al.
(2000c) and Gebhardt et al. (2003) using the orbit superposi-
tion technique first proposed by Schwarzschild (1979). We
use the surface brightness profile described above to estimate
the luminosity density distribution; the surface brightness can
be deprojected assuming axisymmetry and some chosen incli-
nation. This luminosity density then translates to a mass den-
sity distribution, assuming some stellar mass-to-light (M/L)
ratio and BH mass. It is this mass density distribution which
then defines the potential for a given model. Using this de-
rived potential, we follow a representative set of orbits which
sample the available phase space. We then determine the or-
bit superposition (i.e. nonnegative set of weights for the or-
bits) which provides the best match (the minimum χ2) to the
data. We can impose smoothness on the phase-space distribu-
tion function by maximizing entropy (Richstone & Tremaine
1988; Thomas et al. 2004). We repeat this process for a va-
riety of BH masses, M/L ratios, and inclinations to find the
overall best match.
To obtain a smooth χ2 distribution, it is necessary to in-
clude an adequate number of orbits. We sample the gravita-
tional potential by launching orbits from points in the three-
dimensional space spanned by the energy E , the angular mo-
mentum Lz, and the third integral I3. The limits of this space
are well-understood, and Richstone et al. (2004) details the
7FIG. 8.— Two-dimensional plots of χ2 as a function of BH mass and M/L ratio for both orientations we modeled. The left-hand panel shows models with
rotatation along the galaxy’s photometric major axis (PHOT models) and the right-hand panel shows models with rotation along the dust disk (DUST models)
The points represent models. The contours were determined by a two-dimensional smoothing spline interpolated from these models and represent ∆χ2 of 1.0,
2.71, 4.0, and 6.63 (corresponding to 68%, 90%, 95%, and 99% for 1 degree of freedom).
considerations for the sampling of this phase space. Our final
model contains ∼10,000 orbits, adequate to obtain a smooth
χ2 distribution for our binning scheme.
To compare the model with the data, we map both the ob-
servations and orbits to a grid of 20 radial bins, 5 angular
bins, and 17 velocity bins. The time a given orbit spends in
a given bin translates to its contribution to the light in that
bin, and thus the mass. The radial binning scheme for the
model is the same as that for the data shown in figure 7 and
table 1; we have data on the major and minor axes, i.e. in two
angular bins of the model. The binning schemes are chosen
to maximize the S/N of the data. The velocity bins span the
minimum and maximum velocities of the orbits; these must
be chosen carefully because the high-velocity wings of the
LOSVD are affected the most by a BH. We incorporate see-
ing in the model by convolving the light distribution for each
orbit with the PSF of the kinematic observations. The Gem-
ini observing runs had PSFs, approximated as Gaussians, of
0′′.45 in the March run and 0′′.60 in the June run. The plane-
tary nebulae data have such large binning that seeing does not
affect them.
For each model, we use the best-fit orbit superposition
to match the light in each of the 100 spatial bins and the
LOSVDs in the 33 bins where we have data. We fit to the full
LOSVDs, not a parameterization such as the Gauss-Hermite
moments. The orbit weights are chosen so that the luminosity
density in each spatial bin matches the data to better than 1%,
with typical matches better than 0.1%. This match is treated
as a constraint, not as a difference to be minimized. We do
minimize χ2 for each model, with χ2 = Σ[(yi −y′i)/σi]2, where
the yi’s are the LOSVD bin heights of the data, the y′i’s are
the LOSVD bin heights of the model, and σi is the uncer-
tainty of the bin height of the data. Each combination of BH
mass and stellar M/L ratio has an orbit superposition which
gives a minimumχ2; we then compare theχ2 of different such
combinations to find the best match to the data. We use this
measure of χ2 to determine the uncertainties in the BH mass
and stellar M/L as well. These are correlated, as the model
can exchange mass in the BH for higher M/L, and thus we
use the two-dimensional χ2 distribution to determine the 68%
confidence bands for these quantities, where ∆χ2 = 1 for one
degree of freedom.
4. RESULTS
The fact that NGC 5128 has rotation along more than one
axis has interesting implications for its dynamical structure.
This galaxy is either tumbling or triaxial. Tumbling is not
an equilibrium dynamical state, but as a recent major merger,
NGC 5128 may well not be in dynamical equilibrium. Strictly
speaking, this means that we cannot match well the kinemat-
ics of NGC 5128 and the kinematics of an axisymmetric or-
bit superposition model. In our models, we choose to iden-
tify one axis of the observations with the rotation axis of the
model; the rotation on the other axis serves only to balloon
up the χ2. We find that the best-fitting models for NGC 5128
constructed in this way are not very good fits and have unre-
alistic characteristics; we choose to take another approach.
We return to our LOSVDs in each bin and symmetrize them
about v = 0, taking the mean of each side to make the new,
symmetric LOSVD. These new LOSVDs have no net rota-
tion. This is not the true state of NGC 5128, but the resulting
LOSVDs do imply approximately the same enclosed mass as
our “true” LOSVDs. The kinetic energy is proportional to
(v2 + σ2); using a symmetric LOSVD forces the kinetic en-
ergy into the σ2 term. We can then build orbit superposition
models to match the “true” kinematics along one axis which
we identify as the axis of rotation and these no-rotation kine-
matics along the other axis.
8We are then faced with the quandary of which axis to iden-
tify as the rotation axis. It seems logical that the rotation along
the direction of the dust disk at small radii would be impor-
tant for the determination of the BH mass; however, inclusion
of rotation at large radii also has important affects on inferred
BH masses (Richstone et al. 2004). It is unclear what the best
choice would be, especially since BH masses have not been
determined using orbit superposition models for galaxies with
such complex dynamical structure as NGC 5128. We thus
choose to repeat our entire modeling procedure for both cases,
first matching to the rotating kinematics along the dust disk
axis and non-rotating kinematics along the photometric major
axis (hereafter DUST), then switching to rotating kinematics
along the photometric major axis and non-rotating kinemat-
ics along the dust disk axis (hereafter PHOT). We can thus
compare the BH masses inferred by including different data.
Figure 8 presents the results of this process. Each panel
shows χ2 as a function of BH mass and M/L ratio, obtained
by comparing model kinematics to observed kinematic data
for NGC 5128. The left panel shows the DUST models
and the right panel shows the PHOT models. The contours
are drawn using a two-dimensional smoothing spline (Wahba
1990) but the modeled values are fairly smooth and large
smoothing is not necessary. Figure 9 presents the χ2 goodness
of fit as a function of black hole mass; we have marginal-
ized the two-dimensional χ2 distributions shown in figure 8
over M/L to obtain these distributions. The dashed line and
open squares are for the DUST models while the solid line
and filled circles are for the PHOT models. The points show
the χ2 of individual models; the lines are marginalized from
the smoothed distributions illustrated in the contours shown
in figure 8. The models with rotation along the dust axis had
overall higher χ2 values so these are offset vertically for plot-
ting purposes.
FIG. 9.— The χ2 goodness of fit obtained by comparing model kinematics
to observed kinematic data for NGC 5128, versus model black hole mass.
The dashed line and open squares are for the models with the rotation axis
along the dust disk (DUST models), and the solid line and filled circles are
for the models with the rotation axis along the photometric major axis of the
galaxy (PHOT models).
The BH masses from the two sets of models are in ex-
cellent agreement. For the PHOT models, the BH mass is
2.4+0.3
−0.2 × 108 M⊙; for the DUST models, it is 2.2+0.3−0.3 × 108
M⊙. The PHOT models have significantly lower χ2 (∆χ2 =
28.3), so we identify this as the preferred orientation. The
photometric major axis of the galaxy (the rotation axis of the
PHOT models) is the important axis for most of the galaxy’s
mass; it is reasonable that this is more important for a dynam-
ical model of the galaxy. The M/LK ratios are 0.68+0.01
−0.02 for
the PHOT models and 0.72+0.03
−0.02 for the DUST models. These
are not in agreement to within the 68% confidence limits but
are close. Interestingly, there is some covariance in the DUST
models but very little in the PHOT models. The PHOT mod-
els use the data that were well-centered on the galaxy nucleus
on the model’s rotation axis. In contrast, the DUST models
use the data that were offset from the nucleus along the di-
rection of the model’s rotation axis and thus do not have any
data on the actual rotation axis of the model. Such data appear
to be important in breaking the degeneracy between BH mass
and M/L ratio and placing the strongest constraints on each
quantity.
Figure 10 compares the model kinematics with the observed
kinematics for each axis on which we have data, for each
orientation of rotation that we modeled. The left panels are
for the PHOT models and the right panels are for the DUST
models. The squares are from the photometric major axis and
the circles are from the axis parallel to the dust disk but off-
set from the nucleus. The open symbols are the actual (or
symmetrized) data and the filled or starred symbols are from
the models. We emphasize that we fit the full LOSVDs and
that this plot shows only the Gauss-Hermite moments of the
LOSVDs. Notice the symmetrization of the observed data;
v = 0 for every radial point on the dust axis for the PHOT
models and every radial point on the photometric major axis
for the DUST models.
NGC 5128 appears very round but it is possible that it
is intrinsically quite flattened. Dynamical models such as
those of Wilkinson, Sharples, Fosbury, & Wallace (1986) and
Hui, Ford, Freeman, & Dopita (1995) conclude that is indeed
flattened, with axis ratios of 1:0.98:0.55 and 1:0.92:0.79. The
orbit-based models described above are all for an edge-on
configuration, i.e. assuming that NGC 5128 is indeed nearly
intrinsically round. We test the effect of using a model with
different inclinations. We take the case of inclination i = 20◦,
which implies axis ratios of 1:1:0.5, and i = 45◦, which im-
plies axis ratios of 1:1:0.9. Figure 11 presents the results
for the PHOT configuration of the kinematic data, the two-
dimensional distribution of χ2 as a function of BH mass and
M/L ratio. The best-fit BH mass for i = 20◦ is 1.5+0.3
−0.2 × 108
M⊙ and the best-fit M/LK ratio is 0.68+0.02
−0.02. The M/LK ra-
tio is in good agreement with the edge-on models but the BH
mass is ∼30% smaller. Previous studies using this technique
(Gebhardt et al. 2000c, 2003) have found that on average, in-
clination appears to cause a 30% random change in the BH
mass, exactly what we find here. The best-fit BH mass for
i = 45◦ is 1.8+0.4
−0.4 × 108 M⊙ and the best-fit M/LK ratio is
0.53+0.04
−0.03, a BH mass intermediate between the other two in-
clinations. The edge-on and i = 20◦ estimates of the BH mass
are only different by 2σ and this somewhat smaller BH mass
does not markedly affect our conclusions below. The χ2 of the
edge-on model is significantly less than either inclined model
(∆χ2 ∼ 100) so we adopt that value for the BH mass.
9FIG. 10.— Comparison of observed kinematic data along each slit for NGC 5128 with model kinematics for the two best-fitting edge-on models. The left-
hand panel compares to the best-fitting edge-on model with rotation along the photometric major axis (PHOT models) and the right-hand panel compares to the
best-fitting edge-on model with rotation along the dust disk (DUST models). The open symbols are the data: circles for the axis parallel to the dust disk but
offset from the center and squares for the galaxy photometric major axis. The filled circles are from the model on the axis parallel to the dust disk and the starred
squares are from the model on the galaxy photometric major axis.
5. DISCUSSION
Our BH masses for all modeled inclinations are in good
agreement with the gas dynamical results of Marconi et al.
(2001). This agreement supports these authors’ claim that the
gas kinematics of NGC 5128 are well described by an ordered
gas disk and suggests that in such situations, gas dynam-
ics give reliable estimates for BH masses. Also, NGC 5128
has the largest offset from the BH-σ correlation ever mea-
sured. The BH of NGC 5128 is five to ten times larger than
it should be as predicted by this correlation. Marconi & Hunt
(2003) use the BH mass from Marconi et al. (2001) to place
NGC 5128 (along with ∼25 other objects) in the correla-
tion between BH mass and near-infrared bulge luminosity.
Marconi & Hunt (2003) find that the spread in this correlation
is similar to that of the BH-σ correlation. NGC 5128 does lie
above this relation (i.e. its BH mass is somewhat high com-
pared to its near-IR bulge luminosity) but it is not a striking
outlier in this relation. Apparently, the history of NGC 5128
has caused it to have a very large BH mass for its velocity
dispersion but not an equally high BH mass compared to its
near-IR bulge luminosity.
The remarkably high BH mass for NGC 5128 suggests that
its BH assembled before the host stellar bulge. There are a few
other observations that suggest this. Walter et al. (2004) use
molecular gas observations of the host galaxy of a z = 6.42
quasar to show that it is missing the large stellar bulge im-
plied by the BH-σ and BH-Lbulge correlations. A large BH is
in place, but there does not appear to be an associated stellar
bulge. This, along with our result for NGC 5128, is in sharp
difference to the census of BHs in local galaxies described by
Ho (2004) and others and the result for QSOs (Shields et al.
2003). There are several attractive theoretical models
which explain the observed BH-σ correlation (Silk & Rees
1998; Fabian 1999; King 2003) and some also naturally
explain such galaxy properties as color bimodality and
the Faber-Jackson relation (Murray, Quataert, & Thompson
2004; Springel, Di Matteo, & Hernquist 2004). These models
all use similar feedback arguments to show how an actively
accreting BH can regulate its own growth by expelling gas
from its immediate vicinity through an outflow or wind. The
wind becomes stronger as the BH grows, driving away the gas
that fuels the BH growth; the models connect the ultimate size
the BH can attain with the host galaxy characteristics (i.e. σ).
These models have been invoked to explain the BH-σ corre-
lation of normal galaxies; understanding NGC 5128 and its
offset from the BH-σ relation in the context of these argu-
ments will provide an important clue for our understanding of
the role of central BHs in galaxy formation.
Why is NGC 5128 such an unusual galaxy in this re-
spect? The two most obvious possibilities are the recent ma-
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FIG. 11.— Same as figure 8 but for models with PHOT configuration and with inclination of 45◦ (left-hand panel) and 20◦ (right-hand panel).
jor merger it has undergone and its AGN activity. The AGN
activity seems to be a likely culprit. It is possible that a su-
permassive black hole that is currently growing by accreting
material could be large compared to its host galaxy; perhaps
the host galaxy has not had time to catch up to the growth
of the BH. However, there has been some study of the BH-σ
correlation in galaxies with active nuclei and this is not what
has been found. Gebhardt et al. (2000b) studied the relation-
ship between galaxy velocity dispersion and BH mass mea-
sured by reverberation mapping for a sample of active galax-
ies and found that these active galaxies are consistent with
the BH-σ correlation for quiescent galaxies. Previously it had
been noted that BH masses measured by reverberation map-
ping in active galaxies fall significantly below the correlation
between bulge luminosity and BH mass determined from spa-
tially resolved kinematics of nearby normal galaxies. This
is interesting in light of our results for NGC 5128. Our BH
mass for NGC 5128 is relatively consistent with the BH-Lbulge
relationship but too high for the BH-σ correlation, while the
reverberation mapping BH masses for AGN galaxies were too
low for the BH-Lbulge correlation but consistent with the BH-σ
correlation. Perhaps the reverberation mapping masses under-
estimate the true BH mass and AGN galaxies have larger BH
masses for their velocity dispersions than quiescent galaxies.
We need more BH masses measured through stellar (or possi-
bly in some cases, gas) dynamics for active galaxies to further
explore this issue.
NGC 5128’s merger history presents another possibility
which has been less studied until now. Perhaps some aspect
of the merging process builds up the central black hole of a
galaxy before later evolution causes the galaxy’s velocity dis-
persion to catch up. For instance, if two galaxies with central
supermassive BHs merge, their BHs may merge into one BH
quickly while it may take much longer for the new galaxy to
assume its final dynamical configuration. If some scenario
like this is the case, we have happened to catch NGC 5128
at this stage in its merger when its supermassive BH has this
specific relationship to the galaxy as a whole. Little is known
about the central BHs of galaxies that have undergone recent
mergers; NGC 5128 is the first such galaxy to have its central
BH measured.
It is also possible that both of these aspects are acting in
NGC 5128, of course. For both of these questions, using
near-infrared kinematics holds promise for making progress.
Many AGN and all recent merger galaxies are significantly
dusty and thus inaccessible to optical spectroscopy. Using the
techniques described here, we can reliably measure the kine-
matics of such galaxies. NGC 5128 is so enshrouded in dust
that even its K-band light shows signs of reddening but this
does not hamper our kinematic measurements or dynamical
modeling. Also, with the untimely death of STIS on HST,
our main method of measuring black holes has been elimi-
nated and we can no longer rely on our previous techniques.
If we want to continue to explore the connections between
black holes and their host galaxies that HST first uncovered,
the only method currently available is to use stellar kinemat-
ics measured at near-IR wavelengths. The excellent atmo-
spheric seeing in the near-IR at good telescope sites, such as
with Gemini and GNIRS, allows us to probe the central re-
gions of nearby galaxies where the gravitational effects of the
black hole are strongest. Also, as adaptive optics instrumen-
tion becomes more available, we can push to higher spatial
resolution and thus the sphere of influence of black holes of
more distant galaxies.
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TABLE 1
GAUSS-HERMITE MOMENTS OF LOSVDS FOR NGC 5128
parallel to dust disk, offset perpendicular to dust disk, centered
radius v σ h3 h4 v σ h3 h4
(′′) (km s−1) (km s−1) (km s−1) (km s−1)
0.00 -12±10 153±13 0.036±0.053 0.056±0.051
0.15 -4±9 141±11 -0.042±0.036 0.054±0.039
0.30 -16±10 156±9 0.020±0.038 -0.011±0.036 10±27 233±44 0.013±0.137 0.309±0.129
0.45 -21±9 154±9 0.025±0.035 -0.007±0.033 14±19 198±34 -0.008±0.074 0.217±0.105
0.60 -6±8 142±9 0.001±0.032 0.088±0.039 20±12 174±14 -0.024±0.048 0.050±0.047
0.75 -12±8 145±8 0.008±0.029 0.025±0.031 8±6 159±10 0.023±0.035 0.020±0.027
1.05 1±8 146±9 -0.047±0.033 0.035±0.033 6±8 141±7 0.004±0.035 0.008±0.024
1.65 -7±7 140±7 -0.016±0.025 -0.004±0.024 10±5 140±5 -0.028±0.022 0.009±0.018
2.70 -8±8 139±8 0.009±0.028 0.032±0.033 5±5 142±6 0.030±0.024 0.024±0.021
3.75 -11±7 139±7 0.013±0.027 0.006±0.026 11±5 138±6 -0.007±0.027 0.029±0.026
5.70 -4±7 136±7 -0.013±0.025 -0.011±0.023 14±4 131±5 -0.002±0.021 0.003±0.016
8.55 -20±7 133±8 -0.002±0.029 0.020±0.027 14±5 132±5 0.022±0.022 0.016±0.019
12.60 -17±7 120±7 -0.006±0.027 -0.017±0.020 19±5 132±5 -0.006±0.022 0.027±0.022
18.45 -19±12 130±12 0.022±0.039 0.018±0.035 26±6 139±6 0.005±0.029 0.050±0.027
27.00 9±19 136±19 0.021±0.059 -0.012±0.059 19±6 141±7 -0.014±0.028 0.022±0.021
38.85 -17±19 141±27 -0.158±0.101 0.086±0.116 9±8 139±10 0.040±0.048 0.037±0.044
82.35 19±22a 139±16a
129.4 29±23a 143±16a
158.8 34±19a 122±14a
REFERENCES. — (a) Peng, Ford, & Freeman (2004)
